In vivo and in vitro analyses of a Bombyx mori nucleopolyhedrovirus mutant lacking functional vfgf  by Katsuma, Susumu et al.
06) 62–70
www.elsevier.com/locate/yviroVirology 355 (20In vivo and in vitro analyses of a Bombyx mori nucleopolyhedrovirus
mutant lacking functional vfgf
Susumu Katsuma a,⁎, Satoshi Horie a, Takaaki Daimon a, Masashi Iwanaga b, Toru Shimada a
a Department of Agricultural and Environmental Biology, Graduate School of Agricultural and Life Sciences,
University of Tokyo, Yayoi 1-1-1, Bunkyo-ku, Tokyo 113-8657, Japan
b Faculty of Agriculture, Utsunomiya University, 350 Mine, Utsunomiya, Tochigi 321-8505, Japan
Received 2 May 2006; returned to author for revision 12 June 2006; accepted 11 July 2006
Available online 9 August 2006Abstract
All lepidopteran baculovirus genomes sequenced to date encode a viral fibroblast growth factor homolog (vfgf), suggesting that vfgf may play
an important role in the infection cycle of lepidopteran baculoviruses. Here, we describe the characterization of a Bombyx mori
nucleopolyhedrovirus (BmNPV) mutant lacking functional vfgf. We constructed a vfgf deletion mutant (BmFGFD) and characterized it in
BmN cells and B. mori larvae. We observed that budded virus (BV) production was reduced in BmFGFD-infected BmN cells and B. mori larvae.
The larval bioassays also revealed that deletion of vfgf did not reduce the infectivity; however, the mutant virus did take 20 h longer to kill B. mori
larvae than wild-type BmNPV, when tested either by BV injection or by polyhedrin-inclusion body ingestion. These results suggest that BmNPV
vfgf is involved in efficient virus production in BmN cells and B. mori larvae.
© 2006 Elsevier Inc. All rights reserved.Keywords: Baculovirus; FGF; BmNPV; DNA replication; Gene expressionIntroduction
The Baculoviridae is a diverse family of pathogens that are
infectious for arthropods, particularly insects of the order
Lepidoptera. Nucleopolyhedroviruses (NPVs), a genus of Ba-
culoviridae, contain a large circular and double-stranded DNA
genome within rod-shaped virion. NPVs produce two types of
virions during the infection cycle in order to bring about
efficient viral replication on infected insect larvae and to spread
from insect to insect in nature. The occlusion-derived virus
(ODV) transmits infection from insect to insect (oral infection),
whereas the budded virus (BV) spreads infection to neighboring
cells (Keddie et al., 1989).
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and Ornitz, 2004). FGFs appear to play important roles in both
developing and adult tissues. Recent sequence analysis has
revealed that all lepidopteran baculovirus genomes sequenced
to date encode a viral fibroblast growth factor homolog (vfgf )
(Herniou et al., 2001, 2003). In our previous work, we cloned
and characterized Bombyx mori NPV (BmNPV) vfgf (Katsuma
et al., 2004). Transcriptional analysis has shown that vfgf is one
of the baculovirus early genes, although there are no detectable
consensus sequences for baculovirus early gene promoters.
Western blot analysis has revealed that vFGF is efficiently
secreted from BmNPV-infected BmN cells and is modified with
N-linked glycans.
The prototype baculovirus Autographa californica NPV
(AcMNPV) also encodes a vfgf (Ayres et al., 1994). Recently,
Detvisitsakun et al. reported the properties of AcMNPV vfgf
(Detvisitsakun et al., 2005). They demonstrated that vFGF has
strong affinity to heparin, a property important for FGF signaling
via an FGF receptor. AcMNPV vFGF was secreted into the
extracellular fluid when expressed in SF-21 cells, suggesting
that it may act as an extracellular ligand. Furthermore, they
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SF-21 cells, Trichoplusia ni (T. ni) TN-368 cells, and T. ni
hemocytes. Recently, Detvisitsakun et al. reported the char-
acterization of an AcMNPV mutant lacking functional vfgf
(Detvisitsakun et al., 2006). The kinetics of budded virus
production was similar in the parental and vfgf-deficient
AcMNPVs in SF-21 and TN-368 cell lines at both high and
low multiplicities of infection. In addition, no obvious
differences in protein or DNA synthesis were observed between
the mutant and parental AcMNPVs. Furthermore, coinfection of
vfgf-containing and -deficient AcMNPVs and passage for
several generations did not reveal a consistent growth advantage
for either virus. To explain the results, Detvisitsakun and
colleagues speculate that pathogenesis of vfgf-deficient
AcMNPV may be more apparent in insects than that it is in
insect cell lines.
Here, we report the characterization of a BmNPV mutant
lacking functional vfgf. We found that BmNPV vfgf is not
essential for virus replication in BmN cells and in B. mori
larvae. However, the evidence suggests that vfgf is required for
efficient virus production.
Results
Construction of vfgf deletion mutant
To determine the role of BmNPV vfgf during viral infection
in BmN cells and B. mori larvae, we constructed a plasmid with
β-galactosidase gene under the control of the Drosophila heat
shock protein promoter inserted within the vfgf coding regionFig. 1. Construction of a BmNPV mutant lacking functional vfgf. (A) Generation of B
with BpuI101I and AflII and then ligated to a β-galactosidase gene cassette containing
was cotransfected with wt BmNPVDNA into BmN cells, and recombinant BmNPVw
the vfgf ORF; numbers above, the positions of nucleotides. The transcriptional start
analysis of the genome of wt (lanes 1, 3, 5, and 7), BmFGFD (lanes 2 and 4), or BmF
F2/R2 or CF1/CR1.such that a large portion of the vfgf coding region (approxi-
mately 420 bp) is deleted (Fig. 1A). We then generated a vfgf-
deficient BmNPV by homologous recombination. To do this,
the plasmid DNA was cotransfected with BmNPV DNA into
BmN cells and a recombinant virus (BmFGFD) was isolated by
identification of plaques expressing β-galactosidase. Disruption
of vfgf was confirmed by polymerase chain reaction (PCR)
using the primers CF1 and CR1 (Fig. 1B). In addition, we
constructed a revertant virus, BmFGFDR, by cotransfecting
BmN cells with BmFGFD DNA and a plasmid containing the
vfgf region. We verified that BmFGFDR contained an intact
vfgf in the genome by PCR (Fig. 1B).
Effect of vfgf deletion on BV production and polyhedrin
expression in BmN cells
Next, we examined the effect of the vfgf deletion on BV
production. BmN cells were infected with wild-type (wt)
BmNPV (T3), BmFGFD, or BmFGFDR at a multiplicity of
infection (MOI) of 5 or 0.5, and yields of BV were determined
by plaque assay. At an MOI of 5, BmFGFD exhibited a slightly
retarded rate of BV production in BmN cells from 14 h
postinfection (p.i.). However, the titer of BmFGFD at 48 h p.i.
was similar to that of wt BmNPV or the revertant BmFGFDR
(Fig. 2A). At an MOI of 0.5, a reduced BV production in
BmFGFD-infected BmN cells was observed even at 48 h p.i.
but the titer of BmFGFD at 72 h p.i. was similar to that of wt
BmNPVor BmFGFDR (Fig. 2B). Furthermore, we investigated
the expression of polyhedrin, the product of the very late gene
polh, in BmFGFD-infected BmN cells. As shown in Fig. 2C,mFGFD. The HindIII–PstI fragment of the genomic clone PstI–H was digested
a Drosophila melanogaster heat shock protein promoter. The resultant plasmid
as isolated by identification of plaques that express β-galactosidase. Gray boxes,
site (−10) was determined in a previous study (Katsuma et al., 2004). (B) PCR
GFDR (lanes 6 and 8). Deletion of vfgf was confirmed by PCR using the primers
Fig. 2. Effect of vfgf deletion on BV production and polyhedrin expression in
BmN cells. BmN cells were infected with wt BmNPV (T3), BmFGFD, or
BmFGFDR at a multiplicity of infection (MOI) of 5 (A) or 0.5 (B). BV titers
were determined by plaque assay. Polyhedrin expression (C) in wt-, BmFGFD-,
or BmFGFDR-infected BmN cells at 48 h p.i. was examined by SDS-PAGE in
three independent experiments and quantified by densitometric analysis.
*P<0.05.
Fig. 3. Analysis of wt and mutant viral DNA replication. BmN cells (1×106
cells) were infected with wt, BmFGFD, or BmFGFDR at an MOI of 5. DNAwas
extracted from infected cells at indicated time points, and real-time PCR analysis
was performed. Data show mean±SD (n=5).
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cantly lower at 48 h p.i. than it was in wt BmNPV- or
BmFGFDR-infected cells. These data suggest that deletion of
vfgf causes a reduction in the level of BV production and
polyhedrin expression in BmN cells.
Effect of vfgf deletion on viral DNA replication
We next asked if the deletion of vfgf affects viral DNA
synthesis during infection as this is one possible explanation for
a reduction in BV production and polyhedrin expression. The
level of viral DNA synthesis during infection was monitored by
real-time PCR analysis in BmFGFD-infected BmN cells. Viral
DNA was clearly detected in cells infected with wt BmNPV,
BmFGFD or BmFGFDR by 12 h p.i., but the levels of DNA
synthesis were significantly lower in BmFGFD-infected cells
than in the others (Fig. 3). This suggests that the timing of the
onset of viral DNA replication is similar for wt and for
BmFGFD but that the rate of accumulation is slower in
BmFGFD-infected BmN cells.
Effect of vfgf deletion on viral gene expression
We next examined effect of vfgf deletion on viral gene
expression in BmNPV-infected BmN cells. Real-time PCR
analysis showed that the expression levels of the early genes ie-
1 and ie-2 in BmFGFD-infected BmN cells were similar to
those observed in wt BmNPV-infected cells except at 24 h p.i.
(Figs. 4A and B). The expression levels of late or very late
genes, fp25K (Fig. 4C), v-cath (Fig. 4D), and polh (Fig. 4E), in
BmFGFD-infected BmN cells were significantly lower than
those observed in wt BmNPV-infected cells. This was
consistent with the result that polyhedrin expression in
BmFGFD-infected BmN cells was lower than that in wt
BmNPV-infected BmN cells (Fig. 2C). Taken together, these
Fig. 4. Viral gene expression in wt and mutant BmNPV-infected BmN cells. BmN cells were infected with wt, BmFGFD, or BmFGFDR at an MOI of 5. Total RNA
was reverse-transcribed, and real-time PCR of BmNPV ie-1 (A), ie-2 (B), fp25K (C), v-cath (D), and polh (E) was performed. Data show mean±SD (n=3).
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very late gene expression during BmNPV infection.
Analysis of BV entry, nucleocapsid release, and BV budding of
BmFGFD
We next examined whether vfgf deletion has an effect on BV
entry, nucleocapsid release, and BV budding. First, we
confirmed that the difference between the number of virusparticles and the infectious units of BmFGFD is similar to that
of wt BmNPVor BmFGFDR by comparing BVs (2×107 PFU)
in SDS-PAGE and Western blotting using anti-BV antiserum
(data not shown). Then, we performed BV entry assay by
adsorbing approximately 100 PFU of virus to BmN cells at 4 °C
for 1 h and then shifting to 27 °C for various periods of time. At
the end of each time period, cells were washed and fixed with
melted-agarose. Five days later, the number of plaques was
counted for each sample. We obtained a similar number of
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at each time point (Fig. 5A), suggesting that BVentry is normal
for the BmFGFD mutant virus.
We next examined the kinetics of nucleocapsid release from
the endosome. To do this, we determined the time post-binding
required to acquire resistance to inhibitors of endosomal
membrane fusion. Approximately 100 PFU of virus was
synchronously bound to BmN cells for 1 h at 4 °C, and then
the temperature was shifted to 27 °C for increasing time periods.
At the end of each period, medium was replaced with fresh
medium containing 25 mM ammonium chloride, and melted-
agarose was added. The number of plaques was counted 5 days
after infection. As shown in Fig. 5B, we obtained a similar
number of plaques from wt BmNPV, BmFGFD, or BmFGFDR
infections at each time point, suggesting that nucleocapsid
release from the endosome is normal for the BmFGFD mutant
virus.
Finally, we investigated whether vfgf deletion has an effect
on virus budding from infected cells. To eliminate the entry
effect, we transfected BmN cells with viral DNA and
quantitated BV release into the medium by plaque assay. We
found that BmN cells transfected with BmFGFD DNA released
BVat a slower rate than cells transfected with wt BmNPVDNA.
Indeed, the difference observed was up to 10 times less virus
release from BmFGFD-transfected cells than from wt BmNPV
DNA-transfected cells at 96 h post-transfection (Fig. 5C). The
titers of wt BmNPV, BmFGFD, and BmFGFDR BVs were
similar at 120 h post-transfection (Fig. 5C). These results
suggest that BmFGFD caused a reduction in virus budding from
infected BmN cells.
Effect of vfgf deletion on infectivity in B. mori larvae
We next asked if the vfgf deletion has an effect on the
infectivity of BmNPV in B. mori larvae. To determine the 50%
lethal dose (LD50) of BmFGFD BV, 5th instar larvae were
injected hemocoelically with various doses of BV and
monitored for mortality (Table 1). No significant difference
among the LD50s was observed for wt BmNPV, BmFGFD, and
BmFGFDR, suggesting that the infectivity of the budded form
of BmFGFD was normal in B. mori larvae.Fig. 5. Analysis of BV entry, nucleocapsid release, and BV budding. (A) BV
entry. The kinetics of virion internalization into endosomes were examined by
synchronously binding BVs to the cell surface of BmN cells at 4 °C for 1 h and
then shifting to 27 °C for various periods of time. At the end of each time period,
cells were washed and melted-agarose was added. The number of plaques was
counted 5 days after infection in each case. (B) Kinetics of nucleocapsid release
from the endosome. The kinetics of nucleocapsid release from the endosome
was examined by measuring the time (post-binding) required to acquire
resistance to inhibitors of endosomal membrane fusion. To do this,
approximately 100 PFU of virus was synchronously bound to BmN cells for
1 h at 4 °C, and then the temperature was shifted to 27 °C for increasing time
periods. At the end of each period, the culture medium was replaced with
medium containing 25 mM ammonium chloride, and melted-agarose was added.
The number of plaques was counted 5 days after infection in each case. (C) BV
budding activity. BmN cells were transfected with viral DNA of wt, BmFGFD,
or BmFGFDR. The culture medium was collected at 96 h and 120 h after
transfection and subjected to plaque assay. Similar results were obtained in three
independent experiments. *P<0.05.
Table 1





95% fiducial limit (PFU or
PIBs)
Lower Upper
5th instar BV (PFU)
BmNPV 1.1 0.7 1.8
BmFGFD 1.6 1.0 2.4
BmFGFDR 1.2 0.9 1.5
4th instar ODV (PIBs)
BmNPV 1.3×105 4.0×104 4.1×105
BmFGFD 2.5×105 7.9×104 8.1×105
BmFGFDR 1.7×105 3.6×104 5.8×105
Fig. 6. BV production in the hemolymph of B. mori larvae. Fifth instar B. mori
larvae were injected with BVs of wt, BmFGFD, or BmFGFDR (5000 PFU/
larva). The hemolymph was collected at 5 days p.i., and BV titers were
examined by plaque assay. Data show mean±SD (n=10). *P<0.05.
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various doses of BV into 5th instar larvae (50, 500, 5000, and
50,000 PFU). We found that the LT50 of BmFGFD was 20–25 h
longer than that of wt virus at every dose we tested (Table 2). In
addition, we examined BV production in the hemolymph of 5th
instar B. mori larvae injected with BVs (5000 PFU/larva). As
shown in Fig. 6, the BV titer in the hemolymph of BmFGFD-
infected larvae at 5 days p.i. was significantly lower than that of
wt BmNPV- or BmFGFDR-infected larvae. These results
suggest that deletion of vfgf from the BmNPV genome results
in a reduction in BV production in vivo in addition to the effect
we observed for cultured cells.
To determine the 50% lethal dose (LD50) of BmFGFD ODV,
4th instar larvae were orally infected with selected doses of
polyhedrin-inclusion bodies (PIBs) and monitored for mortality
(Table 1). No significant difference in the LD50s was observed
among wt BmNPV, BmFGFD, and BmFGFDR, suggesting that
the infectivity of the occluded form of BmFGFD is normal in B.
mori larvae. Then, 4th instar larvae were orally infected with aTable 2





SD 95% fiducial limit
(h)
Lower Upper
5th instar 50,000 PFU
BmNPV 146.0 4.8 143.3 148.7
BmFGFD 169.8 5.3 166.8 172.8
BmFGFDR 147.1 5.3 144.1 150.1
5th instar 5000 PFU
BmNPV 161.0 4.1 158.7 163.3
BmFGFD 181.2 4.1 178.9 183.5
BmFGFDR 157.7 4.0 155.4 160.0
5th instar 500 PFU
BmNPV 170.5 8.4 165.8 175.2
BmFGFD 195.0 7.5 190.8 199.2
BmFGFDR 171.0 6.1 167.6 174.4
5th instar 50 PFU
BmNPV 185.4 8.3 180.7 190.1
BmFGFD 206.2 2.7 204.7 207.7
BmFGFDR 183.8 3.6 181.8 185.8
4th instar 1×107 PIBs
BmNPV 148.4 10.0 143.7 153.1
BmFGFD 170.2 12.8 163.2 177.2
BmFGFDR 147.8 10.5 142.5 153.1lethal dose (1×107 PIBs/larva) to see whether LT50 was delayed
in oral infection. The LT50 of BmFGFD in oral infection was
20 h longer than that of wt BmNPV or BmFGFDR (Table 2).
Discussion
Sequence comparison has revealed that vfgf is conserved in
all baculoviruses sequenced to date that infect insects in the
order Lepidoptera (Garcia-Maruniak et al., 2004; Lauzon et al.,
2004), strongly suggesting that this gene plays an important role
in the infection cycle of lepidopteran baculoviruses. In contrast,
vfgfs are absent from baculoviruses that infect orders other than
Lepidoptera, such as Culex nigripalpus NPV, which infects
insects in the order Diptera (Afonso et al., 2001), and Neodi-
prion sertifer NPV and Neodiprion lecontei NPV, which infect
insects in the order Hymenoptera (Garcia-Maruniak et al., 2004;
Lauzon et al., 2004). These baculoviruses only replicate in the
epithelial cells of the midgut, the primary site of infection, and
do not spread systemically (Moser et al., 2001). Lepidopteran
baculoviruses, by contrast, utilize the host insect tracheal
system, a conduit for systemic infection. Thus, it is theorized
that ancestral lepidopteran baculoviruses might have acquired
the fgf-related gene from the host genome, thereby allowing the
virus to spread efficiently and systemically in the infected
lepidopteran host. Interestingly, AcMNPV vFGF has been
shown to stimulate migration of Spodptera SF-21 cells, T. ni
TN-368 cells, and T. ni hemocytes (Detvisitsakun et al., 2005),
indicating that vFGF is a biological active growth factor for
insect cells. Taken together, we can speculate that vFGF may
attract uninfected hemocytes to the trachea or other infected
tissues by chemotaxis, allowing BVs to infect these cells and
efficiently spread through the hemolymph of the infected host.
Recently, Detvisitsakun and colleagues reported the char-
acterization of an AcMNPV mutant lacking functional vfgf
(Detvisitsakun et al., 2006). They observed that the mutant had
no striking phenotype in SF-21 cells and TN-368 cells,
including BV production, protein or DNA synthesis, and








rpolhF1 gaacaagaggagaagcaatg DNA replication analysis, RT-PCR for polh
rpolhR1 tccagttggcgattaacttc
rlfpF1 tacggtattcacgacaacag RT-PCR for fp25K
rfpR1 aacgaagattctatgacgtg
rcathF1 gagcagcaaatgatcgattg RT-PCR for v-cath
rcathR1 tgtctgcttcgtatggatag
rie1F1 tacttggacgattcacaaag RT-PCR for ie-1
rie1R1 gtgcaaatgttcgtgttgtg
rie2F1 aagtgtggatcgtgcttctc RT-PCR for ie-2
rie2R1 tttcactcatcagttgtgac
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kun et al., 2005). The researchers speculate that pathogenesis of
the vfgf-deficient AcMNPV may be more apparent in insects
than that it is in insect cell lines and furthermore that vfgf may
be important in other cell culture systems or under specific
physiological conditions. In this study, we generated BmFGFD,
a BmNPV mutant that lacks functional vfgf, and characterized it
both in vitro and in vivo. Surprisingly, we found that BV
production and DNA synthesis were significantly reduced at
earlier times p.i. in BmFGFD-infected BmN cells as compared
to wt-infected cells. Furthermore, we showed that the deletion
of vfgf results in a delay for late or very late gene expression
during BmNPV infection. These results suggest that BmNPV
vFGF has an important role in virus replication in vitro. The
phenotypic discrepancy observed in these two closely related
NPVs may be resulted from the properties of vFGF encoded by
each NPV, such as the amount of production and/or secretion.
Real-time PCR analysis showed that viral DNA synthesis was
observed by 12 h p.i. in BmN cells infected with wt BmNPV as
well as BmFGFD, but the rate of viral DNA replication of
BmFGFD varied from 10 to 50% ofwt BmNPVover 48 h p.i. (see
Fig. 3). This suggests that the timing of the onset of viral DNA
replication is similar for wt and for BmFGFD but that viral DNA
replication is reduced in BmFGFD-infected BmN cells. Plaque
assay experiments revealed that BV production of BmFGFD was
approximately 10-fold lower than that of wt BmNPVat 14 h p.i.,
but the titer of BmFGFD at 48 h p.i. was similar to that of wt
BmNPV. Furthermore, the timing ofBVproductionwas similar to
each other. As reported by Gomi et al. (1997), viral DNA
replication in BmN cells infected with a BmNPV mutant
(BmP35Z) lacking a functional p35 gene is approximately over
5-fold lower than that of wt BmNPV by 24 h p.i., but BV
production of BmP35Z at 48 h p.i. is comparable to that of wt
BmNPV (Kamita et al., 1993). These phenotypes are quite similar
to those observed in BmFGFD. Taken together, these results
suggest that BV production is not necessarily directly related to
the levels of DNA replication in BmNPV-infected BmN cells.
The larval bioassays showed that the mutant virus does not
have reduced infectivity but does take approximately 20 h longer
to kill B. mori larvae than wild-type BmNPV either by BV
injection or by ODV inoculation. This is presumably due to a
reduction in BV production in the hemolymph of BmFGFD-
infected larvae. These results are in support of the cell-based
studies and provide direct evidence that vFGF is required for
efficient virus growth in vivo. To determine the steps at which
BmNPV vFGF works in the process of virus infection in vivo, a
vfgf-deficient BmNPV having a reporter gene is required. By
comparing the pathogenesis in a time course study using wt and
vfgf-deficient BmNPVs, both of which have a reporter gene, we
will clarify the role of vFGF in the oral infection process of
BmNPV.
We previously showed that vfgf is one of the baculovirus
early genes and that its product vFGF is efficiently secreted
from cells (Katsuma et al., 2004). This suggests that vFGF may
act as an extracellular ligand to transduce its signals in the host
cells via a cell-surface receptor at the early stage of infection.
Very recently, we have identified lepidopteran orthologs ofDrosophila Breathless (Btl) as a receptor for vFGF and found
that lepidopteran Btls mediate vFGF-induced host cell chemo-
taxis (Katsuma et al., 2006). The vFGF-promoting signaling
cascade, acting via a cell surface Btl, may result in the change of
gene expression patterns of the infected cells, which are in-
volved in the process of BmNPV infection, such as virus
replication. To resolve this, we are presently analyzing the effect
of vfgf deletion from the BmNPV genome or vFGF stimulation
on gene expression of the infected B. mori cells using B. mori
microarray.
Materials and methods
Insects, cells, and viruses
B. mori larvae (F1 hybrid Kinshu×Showa) were reared as
described previously (Katsuma et al., 2005a). The BmN cell line
was maintained in TC-100 with 10% fetal bovine serum as
described previously (Katsuma et al., 2004). The BmNPV T3
(Maeda et al., 1985; Gomi et al., 1999) isolate was propagated
in BmN cells. Virus titers were determined by plaque assay as
described previously (Katsuma et al., 1999). BmN cells were
infected with BmNPVs at an MOI of 0.5 or 5.
Construction of the vfgf deletion mutant
To construct a plasmid for deletion of vfgf, a HindIII–PstI
fragment was purified from the genomic clone PstI–H (Maeda
andMajima, 1990) and inserted into pTZ19R. Next, the plasmid
was digested with BpuI101I and AflII and ligated to a β-
galactosidase gene cassette containing a Drosophila melanoga-
ster heat shock protein promoter (Gomi et al., 1997). The
resultant plasmid was cotransfected with wt BmNPV DNA into
BmN cells using Cellfectin (Invitrogen). Recombinant BmNPV
was isolated by identification of plaques expressing β-
galactosidase (Gomi et al., 1997). Deletion of vfgf was
confirmed by PCR using the primers shown in Table 3. In
addition, we constructed a revertant virus BmFGFDR by
cotransfecting BmN cells with BmFGFD DNA and a plasmid
containing the vfgf region (the HindIII–PstI fragment of
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intact vfgf in the genome by PCR.
Assays for BV production
For the virus growth curves, BmN cells were infected with
BmNPV T3, BmFGFD, or BmFGFDR at an MOI of 0.5 or 5.
After 1 h of incubation, virus-containing culture medium was
removed and fresh medium was added after two times of wash
with serum-free TC-100 medium (0 h p.i.). A small amount of
culture medium was harvested at specific time points. BV
production was determined by plaque assay.
BV entry and endocytosis assays
For studies of virion entry, BVs (100 PFU) were bound to
BmN cells at 4 °C for 1 h then the temperature was shifted to
27 °C for increasing periods of time. At the end of each time
interval, cells were washed three times with complete TC-100
medium, agarose-containing TC-100 medium was overlaid,
cells were incubated for 5 days at 27 °C, and plaques were
counted.
To examine the kinetics of virion release from the endosome,
BVs (100 PFU) were bound to BmN cells for 1 h at 4 °C. The
temperature was then shifted to 27 °C for increasing time
intervals. At the end of each interval, the culture media was
exchanged for TC-100 medium containing 25 mM ammonium
chloride and then cells were incubated 0.5 h at 27 °C. Cells were
next washed three times with complete TC-100 medium,
agarose-containing TC-100 medium was overlaid, cells were
incubated for 5 days at 27 °C, and plaques were counted.
Transfection
For the budding assay, 5 μg viral DNA of BmNPV T3,
BmFGFD, or BmFGFDR was transfected into BmN cells. After
6 h of incubation, culture medium containing viral DNA was
removed and fresh TC-100 was added (0 h post-transfection). A
small amount of culture medium was harvested at specific time
points and used in the plaque assay.
SDS-PAGE and Western blotting
SDS-PAGE and Western blotting were performed as
described previously (Katsuma et al., 2005b). Western blot
analysis of BVs was carried out using anti-BmNPV BV
antiserum (Shimada et al., 1994). Polyhedrin expression was
examined in three independent experiments and quantified by
densitometric analysis using ImageGauge software (FUJI-
FILM). Statistical analysis was performed using one-way
analysis of variance (ANOVA) followed by Dunnett's test to
localize the significant difference.
Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was reverse-transcribed, diluted, and used for
PCR as described elsewhere (Katsuma et al., 2005a). Primersfor PCR are shown in Table 3. Real-time PCR experiments
were performed as described previously (Iwanaga et al.,
2004).
DNA replication assay
To assess viral DNA replication, a quantitative real-time
PCR assay was performed as described by Vanarsdall et al.
(2005). To prepare total DNA for analysis, BmNPV-infected
BmN cells were harvested in 1 ml phosphate-buffered saline
(PBS), lysed in 500 μl cell lysis buffer (10 mM Tris pH 8.0,
100 mM EDTA, 20 μg/ml RNase A, 0.5% SDS, 20 μg of
Proteinase K), and incubated overnight at 65°C. Total DNAwas
phenol extracted, ethanol precipitated, and suspended in 500 μl
of water. Real-time PCR was performed with 1 μl of total DNA
with the primers rpolhF1 and rpolhR1 (Table 3).
Larval bioassays
The LD50 of BV was determined with 5th instar larvae by
hemocoelic injection with different doses of BV diluted in
TC-100 medium. The LD50 of ODV was determined with 4th
instar larvae by feeding with different doses of PIBs diluted
in distilled water. The LT50 was determined either by
hemocoelic injection into 5th instar larvae with BVs or by
feeding 4th instar larvae with PIBs. B. mori larvae were
intrahemocoelically inoculated with BV within 8 h after
molting to the 5th instar. Determining the LD50 or LT50 of
ODVs, larvae were orally inoculated within 5 h after molting
to the 4th instar. In all case, 4th instar larvae inoculated with
1×107 PIBs of BmNPV T3, BmFGFD, or BmFGFDR led to
100% mortality. PIBs were produced in 5th instar B. mori
larvae and purified by centrifugation and resuspension in
double-distilled H2O as described previously (O'Reilly et al.,
1992). Purified PIBs were diluted in double-distilled H2O and
quantified by using a hemacytometer. PIBs were applied to a
small plug of artificial diet in individual containers, and only
larvae that completely ingested the contaminated diet within 8
h were further reared. At least twenty larvae per dose were
used in the infection experiments and the experiments were
repeated four times.
Statistical analysis
One-way ANOVA was used to evaluate the effects of vfgf
deletion. If the ANOVA value was significant, comparisons
between the control and test group were performed using
ANOVA followed by Dunnett's test to localize the significant
difference. A P value of less than 0.05 was considered
significant. All statistics were performed with InStat 2.00
(GraphPad Software).
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